The tool is a key component in the friction stir welding (FSW) process, but the tool degrades and changes shape during use, however, only a limited number of experimental studies have been undertaken in order to understand the effect that worn tool geometry has on the material flow and resultant weld quality. In this study, a validated model of the FSW process is generated using the CFD software FLUENT, with this model then being used to assess the detail of the differences in the flow behaviour, mechanically affected zone (MAZ) size and strain rate distribution around the tool for both unworn and worn tool geometries. Comparisons are made at two different tool rotational speeds using a single weld traverse speed. The study shows that there are significant differences in the flow behaviour around and under the tool when the tool is worn. This modelling approach can therefore be used to improve understanding of the effective limits of tool life for welding, with a specific outcome of being able to predict and interpret the behaviour when using specific weld parameters and component geometry without the need for experimental trials.
Introduction
Friction Stir Welding (FSW) is a solid-state joining process with many advantages including producing high strength joints with low distortion [1] and the ability to join high strength aluminium alloys and produce dissimilar joints that are difficult to join by fusion techniques. The FSW technique has many applications in the aeronautical, automotive and shipping industries [2, 3] and is considered to be energy efficient and environmentally friendly [4] . In addition, joint strengths that can reach those of the base material can be achieved [5] .
The rotating tool in FSW is responsible for heat generation and material deformation during the welding process and has two main features; the shoulder and the pin. The last two decades have seen significant advances in both tool material and tool design, allowing a wide range of materials to be welded (such as soft aluminium or magnesium alloys or hard carbon or stainless steels) with a range of thicknesses and desired weld quality in terms of a low number of defects and distortion. During the welding process, the tool is subjected to a range of loading conditions as a result of its contact with the hot, highly plasticised material being welded. Through determining the rates and magnitude of tool wear, the development of tool geometry can be modelled, and thus the effect of tool wear on weld quality can be determined, which has been seen to be a particular issue when welding hard alloy workpieces [6, 7] . The workpiece material and process parameters, such as tool rotational speed and tilt angle, weld traverse speed and plunge force, are the main factors which affect tool life
The characterisation of the microstructure and mechanical properties of the weld zone is a very important technique in the determination of weld joint quality. However, a numerical technique which has a predictive capability is perhaps more powerful, since it allows the process parameters to be efficiently optimized. Numerical studies of the flow behaviour in FSW have been presented in the literature since 1991; this body of work includes important studies that have examined the flow behaviour around different tool designs, carried out by Colegrove and Shercliff [8, 9] and Ji et al. [10] .
These studies modelled the flow behaviour in the FSW of aluminium and titanium alloys using different tool geometries. Coupled thermal flow analysis was implemented through use of the commercial CFD code FLUENT. This work described the flow of the metal through the use of streamlines and velocity vectors and predicted that workpiece material is swept from the advancing side to the retreating side of the pin, before flowing vertically down near the surface of the pin until it reaches the weld root and then it flows upwards towards the upper part of the workpiece behind the pin. While these models provided good insight in terms of material flow, the models of Colegrove and Shercliff [8, 9] were limited to qualitative prediction of the size of the deformed zone based on a region provided by a limiting value of strain rate, which may be the reason for the over prediction of the deformed zone in these works. Another important point when considering the works of the Colegrove and Shercliff [8] and Ji et al [10] was that the contact interface between the material and the tool was only considered as a sticking condition, which may again lead to an over-prediction of the deformed zone due to the likely presence of slip on some areas of the tool.
Recently, Su et al. [11] modelled the effects of tool geometry on the thermal and plastic flow behaviour during FSW of AA2024 using the CFD code FLUENT. The study investigated both conical and triflat tool designs and used experimental weld data to calculate the friction coefficient and slip rate on the tool surface. The study found that the friction coefficient values of the triflat tool were slightly higher than those of the conical tool and that the slip rate for the triflat tool was slightly lower than the conical tool. They also showed that the triflat tool resulted in a larger stirring action and deformed area.
The strain rate distribution during FSW was addressed by Buffa et al. [12] through the simulation of the FSW of the aluminium alloy 7075 using the DEFORM-3D finite element software including a visco-plastic material model. The study examined both conical and cylindrical tools with different dimensions in order to optimize the tool geometry with different process parameters in an attempt to increase the size of the nugget zone whilst simultaneously producing uniform grain size refinement within this region with a more uniform temperature distribution and flow through the thickness. The results showed that as the pin surface area increases, a larger MAZ could be obtained with an increase in the material circulation around the pin. The study also demonstrated that the increase in the pin surface area provides a more uniform distribution of parameters such as temperature and strain rate through the thickness of the workpiece, both of which have been shown to be favourable for obtaining higher joint strength. The bulk of the literature concerning the numerical modelling of the FSW process has demonstrated over-prediction of the temperature, power input and the size of the Mechanical Affected Zone (MAZ) when comparing the results of simulations with experimental observations. The majority of these works argued that these differences were due to the stick condition (no-slip) assumed at the tool surface, which ensures that the workpiece material at this location rotates at the surface speed of the tool [8, 13] . These studies concluded that using partial stickslip at the tool surface reduces the heat input and avoids material melting at the interface between tool and workpiece, and for this reason material deformation under the shoulder will reduce.
Experimental investigations into the mechanisms of tool wear have concluded that the main mechanisms causing of loss of pin material during the welding process are sliding wear and removal of material through excessive shear deformation [14, 15] .
Plastic deformation can also cause tool mushrooming during certain phases of welding [16] . Both of these effects can lead to self-optimization of the pin geometry during the process for some material combinations [15] . Self-optimization can be defined as a phenomenon that occurs after a preliminary wear period, when the wear becomes low, resulting in the development of specific tool shapes.
The most common method used to assess wear in the FSW tool is the photographic technique, which assesses the change in tool volume using image-processing to compare a standard image of the tool (unworn) with an image of the tool after a specific length of the welding. The work of Prado et al. [15] , Shindo et al. [17] and Contorno et al. [18] measured the wear of FSW tools by assessing the change in tool shape using this technique when welding an aluminium-matrix composite. They showed that tool rotational speed and weld traverse speed are the most important factors that contribute to wear and self-optimization of the tool shape [15] . These studies also compared the microstructure and hardness of welds created with the worn and unworn tools and revealed a homogenous metal flow and uniform grain size in the stirring zone for the self-optimized pin. The authors demonstrated that the presence of this homogenous microstructure and the low wear rate of a self-optimized pin could be related to the reduction of turbulent flow around the pin during the process after self-optimization; moreover, it was shown that a self-optimized tool generated thinner flow layers, compared to the unworn tool, leading to a more uniform flow. While the work of Prado et al. [15] , Shindo et al. [17] and Contorno et al. [18] considered the wear of the tool during the FSW process, their main focus was on the wear phenomena rather than the resulting effect on the material flow and the shape and size of the weld zone. While they did investigate the hardness profile from the weld carried out with the worn tool, it was limited to measurements taken from the mid thickness of the welded plate and little detail was provided on the effects on the weld root area.
It is clear that the interface between the tool and the workpiece is a crucial aspect in the numerical modelling of the FSW process; it has been suggested [13] that material at the interface can reach the solidus temperature and that a thin layer of molten material may be generated adjacent to the tool surface, which could have an effect on the shear stress of the material in this region.
Generally the Coulomb friction law can be used to represent the contact between surfaces and it is widely used to calculate the value of the shear stress as shown below:
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Clearly, this law is valid for the case of the motion of two rigid bodies in contact even if they slide or stick, however, if this law is applied in the FSW processes to calculate the shear friction between the tool and the workpiece, the behaviour of material flow in the shear layer next to the pin surface is normally neglected. To address this, Schmidt et al. [13] developed a numerical approach to address the interface issue in FSW. They specified three conditions that could occur at the interface of the FSW process, and included a contact state variable, δ, to account for this, defined as:
where δ is the ratio between the matrix (interface material) velocity, V matrix , and the tool velocity, (V tool = ωr) [19] . They proposed that the conditions at the contact interface were based on the interaction between the contact and material shear yield stress τ yield , defined as follows:
The three conditions that they proposed were:
1. Sliding behaviour: This condition occurs when δ = 0, which means the velocity of the material at the interface is zero; for this case, the shear yield stress (τ yield ) is more than τ contact and there is no flow of interface material.
Stick behaviour:
Here the velocity of the tool equals the matrix velocity where they are in contact, or δ = 1. The interface material rotates at a velocity equal to the tool rotation speed and for this case the value of τ contact is more than τ yield leading to high plastic deformation at the interface.
3. Stick-sliding behaviour: In this particular case, δ will be between 0 and 1, leading to a partial sticking-sliding condition. The interface velocity is less than the tool velocity, and in this case the value of τ contact equals τ yield . Neto and
Neto [19] and Schmidt and Hattel [20] documented that stick-sliding behaviour is more likely to occur in the FSW process and they argued that differences in the relative velocity at different angular locations on the tool surface will lead to some parts of the interface layer being under a stick condition and some parts will be in the partial slip regime.
Nandan et al. [20] and Arora et al. [21] specified the velocity components on the tool surface in terms of the tool angular translation velocities; these components define the material velocity at the tool interface as shown in equations 4 and 5, which also included the δ term to specify the contact condition:
where the value of r lies in the range R p < r < R s . They also modified the relationship derived from the data in the work of Deng et al. [22] in cross-wedge rolling to develop the following relationship for the slip as a function of tool radius and welding parameters:
where the variable δ 0 is a constant and was determined by Arora et al. [21] to have a value of 3 and
is the ratio between the rotational speed and a reference speed, ω 0 , which was assigned a value of 300 rpm in their work.
As discussed, the literature on FSW has demonstrated different approaches for analysing the flow behaviour using numerical models and assessing the tool wear during the process experimentally. However, research concerning the flow behaviour associated with FSW with worn tools has been limited and mainly covers
experimental studies into what happens in terms of the weld root, strain rate and the geometry of the stirring zone after the tool has become worn (or self-optimized). In this work, a validated model of the FSW process has been produced using the ANSYS FLUENT-CFD code in order to enable the prediction and comparison of the flow behaviour, the Mechanical Affected Zone (MAZ) size and strain rate distribution around both unworn and worn tools, providing additional insight into the behaviour of the material around the tool and a guide to assess the flow differences between unworn and worn tools, which may be used to give an indication of the weld quality and of tool lifetime.
Model description
A validated 3D model of the Friction Stir Welding (FSW) process has been developed using the commercial CFD software FLUENT. This model was then used to compare the material flow behaviour around an unworn and worn tool during welding.
Assumptions
In this work, 3D models are used with an incompressible fluid flow using a viscous laminar flow model as the value of Reynold's number (Re) is much smaller than 160 [23] , typically around 10 -6 . This study assumed a steady state, isothermal model, as used by Colegrove et al. [24] previously; this assumption was made as the flow stress is relatively insensitive across the temperature range from 0.6 to 0.8T m . Additionally, Naidu [25] reported differences in the welding temperature through the thickness of the plate to be less than 10 °C for the welding of Al7050 alloy.
A double precision option is used for the modelling due to the significantly different length scales of the geometry; this option provides greater accuracy for the nodal coordinates during the calculation and reduces convergence errors [26] .
Geometry
The geometry of the computational domain of the models was a rectangular cuboid with the dimensions presented in Table 1 . Model 1 was used to conduct a mesh study using a threaded tool and used to compare the flow behaviour of the unworn and worn tools. The unworn tool pin geometry for was a 1/4-20 UNC thread (6.35 major diameter with 12.7 mm pitch) constructed with PTC Creo software. The image of the worn tool was taken from the work of Prado et al. [15] and imported into PTC Creo and the tool geometry was constructed using this to approximately match the shape of the worn tool. Figure 1 presents the unworn and worn tool geometries that were used for the study, while the computational domain is shown in Figure 2 . Figure 1: Geometry of the tools used for the study [15] (a) unworn and (b) worn and corresponding solid models used in the numerical simulation (c) unworn and (d) worn
Boundary conditions
The boundary conditions can have a significant effect on the results of CFD models.
In order to ensure that the physical situation is well represented and that the model produces accurate results, the boundary conditions need to be specified correctly for the domain. The inlet flow condition was defined as:
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where u, v, and w are the magnitude of the velocities in the x, y and z directions respectively, 3628 is the welding traverse speed which took a value of 1.66 mm s -1 .
The outlet boundary was assumed to be a pressure outlet with a zero pressure value to ensure no reverse flow at the outlet boundary; both sides and the upper and lower surfaces of the domain were defined as walls with free slip (the shear stress value was equal to zero).
Figure 2: Computational domain and boundary conditions
For all cases in this study, a slip-stick condition has been implemented on the tool shoulder through the application of equations 4 and 5, whilst a stick condition has been applied on the pin surface; this combination of boundary conditions for the tool is widely used in the literature [13, 27] and so is adopted here. The tool velocity is defined as velocity vectors for u and w as in equations 4 and 5, while v = 0.
Solver
The SIMPLE (Semi-Implicit Method for Pressure-Linked Equation) pressure-velocity coupling algorithm was used for this study, since it has been used to solve the incompressible flow problem, pressure gradient term, and viscosity term effectively [28] . For spatial discretization, a least squares cell-based approach was chosen to determine the solution gradients of the variables in the cell with standard pressure and In order to assess convergence of the steady-state solution, the value of velocity at two points (upstream near the tool and in the free stream) was monitored throughout the solution until the change in the velocity was less than 0.05 % per iteration.
Material model
The material studied in this work was 7020 aluminium alloy, with the flow being modelled as a non-Newtonian fluid. It has been argued that the viscosity of the material is the most important property that needs to be specified in ANSYS FLUENT [26] for modelling the FSW process in this way. As the value of the dynamic viscosity of the material is not constant and is a function of the temperature and strain rate, this property has been specified using a UDF. Friction stir welding can be considered a hot deformation process and the interaction between the flow stress and material strain rate is important; to account for this, a constitutive equation initially proposed by Zener and Selloors and then modified by Sheppard et al. [29] has been used to represent the material. The UDF includes the formulations, presented in Equations 7, 8 and 9; to calculate the flow stress, the Zener-Hollomon parameter and subsequently material viscosity [30] , the material constants and further relevant properties are shown in Table 2 for both materials. 
Mesh Study
For the mesh study, Model 1 was used with the weld parameters shown in Table 3 . The ICEM software was used to generate the mesh for the models. The geometry was split into nine blocks as shown in Figure 3 . The outer blocks (1-8) were meshed using hexahedral elements, while block 9, surrounding the tool, was meshed using tetrahedral elements with a mesh quality greater than 0.4. The study kept all outer blocks with a constant cell edge size of less than 1 mm, whilst the cell edge size in block 9 took values of 0.8 mm, 0.4 mm, 0.2 mm, 0.125 mm and 0.1 mm in order to assess mesh convergence. The study maintained the aspect ratio for the hexahedral blocks to less than 5.6 to obtain a good quality mesh with low cell distortion. Prism elements can more efficiently capture the shear gradient and recirculating flow for the boundary layer area, and achieve good convergence [33] ; therefore, the study also investigated the use of five prism element layers with a thickness of 0.4 mm on the surface of the threaded tool as shown in Therefore, this mesh design was used for further studies. 
Results

Model validation results
To confidently use CFD results for investigating the FSW process, the CFD model has to be correctly defined and a thorough validation has to be achieved. It is known that the stirring action caused by the tool rotation produces the characteristic shape of the MAZ [35] and that at a distance away from the tool surface there is a lack of plastic deformation. Kim et al. [36] reported that a lack of plastic flow occurred during compression testing of Al 7050 at viscosities in the range 10 5 to 10 6 Pa s.
Based on the constitutive equations used for Al 7020 in this work, calculations show that at a strain rate less than 50 s -1 at temperatures between 0.6 -0.8T m , the viscosity ranges from 10 6 to 10 7 Pa s, showing consistency with the work of Nandan [37] .
Therefore it is possible to determine the shape and size of the MAZ at the region where no significant flow occurs by using an iso-viscosity surface (cut-off viscosity), an approach consistent with the work of Nassar et al. [38] .
To refine the value of viscosity that could be used to determine the MAZ, the experimental work of Lorrain et al. [39] was modelled and the size of the Mechanically Affected Zone (MAZ) was extracted from the model using an isoviscosity surface to define the limit of the plastic flow. A number of different values of viscosity were evaluated to define the limit of the MAZ and the error for each value was calculated compared to the experimental MAZ values. Based on these results, a value of viscosity was determined for this material from the three experimental cases that could be used for further work. The computational domain of the study was a rectangular cuboid 200 mm long, 100 mm wide and 0.4 mm thick.
The diameter of the pin was 5 mm (a smooth cylinder) with a concave shoulder (2.5°) with a diameter of 13 mm. The material properties are presented in Table 2 . Four lines were used, shown in Figure 6 , to compare the MAZ width; these lines were located on the base of the plate (L r ), and 1, 2 and 3 mm from the base of the plate for L 1 , L 2 and L 3 respectively. Table 4 presents the process parameters and the MAZ size at the different locations that were used to validate the model. A plane was set perpendicular to the welding direction across the tool in the z-direction to calculate the size of the MAZ. Each line was set in the same location as in the experimental work to maintain consistency in the results. Three cases were run at 300, 600, and 900 rpm using the FLUENT FSW model. CFD-Post was then used to process the data and view the shape and size of the MAZ based on the value of the iso-viscosity surface; this method has previously been used by Arora et al. [21] to investigate the effect of tool design on the MAZ. Four values of viscosity were considered to measure the size of the MAZ at each line; these values were then compared with experimental values.
The Root Mean Square Error (RMSE) was calculated for each of these values of viscosity as shown in Table 5 , and it can be seen that a viscosity of 1.5×10 6 Pa s shows a consistently good match with the experimental values for MAZ width across the parameters studied. Additionally, it can be seen that the simulation shows a good agreement with the experimental data in terms of the size of MAZ using this viscosity value. This suggests that the FLUENT FSW model can be considered an appropriate method for predicting the flow behaviour around the unworn and worn tool. 
Results for the unworn and worn tool
Model 1 was used for the comparison of the unworn and worn tool geometries using the parameters shown in Table 6 . A total of three cases were run to enable comparison of the flow behaviour across a range of rotational speeds. Table 7 shows the differences in the size of the MAZ at different locations perpendicular to the weld direction. At 300 rpm, the results of the weld zone at L 2 and L 1 for the unworn tool were slightly larger than the values of the worn tool. At L r the size of the unworn tool was 5.15 mm while there is no data in the same location for the worn tool at that particular value of the viscosity. This due to the fact that there is no significant plastic deformation at this area (near the weld root) and the value of the viscosity at that region remains above 1.5×10 6 Pa s. At 600 rpm, the results showed that for the unworn case, the size of the MAZ was predicted to be slightly larger than the values from the 300 rpm case for all locations. At L 2 the values were 7.72 mm for the unworn tool and 5.72 mm for the worn tool. For L 1 , the results were also different.
Similar to the case at 300 rpm, the size of the L 1 at 600 rpm is smaller for the worn tool in comparison to the unworn tool. Again no data is available for L r from the worn model for the 600 rpm case as the deformation in the weld root does not reach the underside of the plate being welded. The results show that a difference between the unworn and worn tools can be predicted by the CFD model and seen in the isoviscosity surface, which is representative of the MAZ. 
Predictions of the strain rate distribution
Strain rate is considered one of the important factors in FSW as it can be used to determine the effect of the stirring action; it can also give an indication of the size of the deformation region due to the tool rotation during the process [40] . In this study, L 1 and L r , which are shown in Figure 7 , were used to examine what happens underneath the pin in the weld root zone. Figure 9 shows the strain rate distribution at L 1 for the unworn and worn tools; it can be seen that the width of the high strain rate region for the unworn tool is slightly wider than that for the worn tool; however, the results of the worn tool showed that the peak values of the strain rate are higher than that calculated for the unworn tool suggesting that there is a higher stirring action in a smaller area in this case, probably due to localization and softening of the weld material as explained by the study of Chionopoulos et al. [41] and Lorrain et al. [39] Figure 9: Strain rate distribution as a function of the distance from the axis of the tool rotation at L 1 Figure 10 shows the strain rate distribution for L r at 300 and 600 rpm for the unworn and worn tool; the data show that the values of strain rate at this location for the unworn tool are higher than those for the worn tool, with peak values of 50 and 100 s -1 at 300 and 600 rpm respectively on both sides of the tool for the unworn tool and values of around 10 s -1 for the worn tool. Lower strain rates in this region are characteristic of a lack of stirring action for the worn tool, due to the conical shape, resulting in a narrow MAZ size that could cause improper flow and insufficient metal consolidation in this region [41] . It is also important to note that the rotating layers of the metal flow that form the weld zone strongly depends upon the tool geometry and process parameters [20, 39] . As is shown in this study, a worn tool has a conical shape, which produces lower stirring action near the weld root with a reduction in the MAZ size. This finding is consistent with those on shape of the weld zone and flow behaviour in the study of Mishra et al. [5] . at 300 rpm, while at 600 rpm it was 85.46 mm s -1 . For the worn tool, the velocity was 13.5mm s -1 at 300rpm, and at 600 rpm was 24.14 mm s -1 as shown in Figure 12 . It is clear from a comparison of Figures 11 and 12 that the area under the pin with a significant velocity gradient is higher for the unworn tool than that for the worn tool in the same location; as the tool becomes worn, the diameter of the pin is reduced resulting in a corresponding reduction in flow velocity in the weld zone, consistent with study of Ji et al. [10] . 
Discussion
It is commonly agreed that the formation of the weld zone in FSW is strongly dependent upon the tool geometry and process parameters. From Figure 9 and Figure   10 , it can be seen that the distribution of the strain rate on both sides of the tool seems to be symmetrical as the flow in this region is dominated by the rotation of the tool and the stick-slip condition used on the tool surface. The values of the strain rate at L 1 are slightly higher than those at L r for the unworn tool, and significantly different for the worn tool, showing that higher deformation can be gained from the unworn tool with a more uniform distribution through the depth and a reasonable area of deformation. However, when the tool becomes worn, the deformed region becomes narrower and there is a significant reduction in the stirring action at the bottom surface of the plate, which could lead to a poor weld in this region. This low stirring action could also contribute to a lower temperature underneath the worn tool due to the fact that the tool is the source of heat generation [13] , and as the tool becomes worn there is a reduction in the surface area of the tool in contact with the weld material and thus a corresponding reduction in frictional heat generation and also a smaller volume of material being deformed to produce heat through plastic deformation.
It is important to note that the analysis of the MAZ size, velocity profile and strain rate distribution from the model show how the worn tool could affect the joint quality.
Although when worn, the tool is still capable of deforming material around it, the volume of material is significantly reduced and flow localization occurs, resulting in a poor level of deformation in the weld root which is likely to lead to poor grain refinement and mixing in this region and a therefore a reduction in weld quality.
Conclusions
In this work, a 3D-CFD model of the FSW process has been developed and used to compare the strain rate distribution and the size of the MAZ for the use of unworn and worn tool geometries at rotational speeds of 300 and 600 rpm. A validation process has been carried out in this study in order to obtain robust results when using the model. Unstructured grids were also utilised to produce the best mesh quality for CFD modelling of the FSW process.
The key findings of the work can be summarised as follows:
• A tetrahedral mesh takes a long time to solve; however, a hybrid mesh has been shown to be more computationally efficient in achieving an accurate solution for the FSW process and for modelling complex tool geometry.
• Flow in the boundary layer is a crucial issue therefore a grid with a prism layer has been shown to be a powerful technique for solving this issue.
• The results of the FLUENT CFD model showed a good agreement with an error of less than 15 % with the experimental data for the size of the MAZ.
• The predicted size and shape of the MAZ with the worn tool is shorter and about 2.5 mm smaller than that associated with the unworn tool.
• The results of the strain rate and velocity distribution indicate a low stirring action for the worn tool, particularly near the weld root, potentially leading to defective weld joints.
• The results of the shape of the weld zone showed the weld penetration does not reach to the bottom of the plate when tool becomes worn, which could affect the quality of the weld joint.
